Abstract. Ground penetrating radar (GPR) has become a promising technique in the field of snow hydrological research. It is commonly used to measure snow depth, density, and water equivalent over large distances or along gridded snow courses.
Methods

Study areas
Measurements were conducted in two valleys in the vicinity of Davos, Switzerland, during the winter 2014/15. Field sites were selected according to different requirements. The set of sites should cover a certain range of elevations, aspects, and slope inclinations. Further, each individual site needed to be clear of recreational as well as dangerous areas, in particular avalanche 5 runout zones. Avoiding avalanche exposed terrain was not only for safety reasons but also because an avalanche would have interrupted the series of repeated measurements. Seven sites were located in the Monbiel valley ( 
Measurements
A variety of procedures were applied during fieldwork at each transect. The sled was towed by two persons, one to the left and one to the right, so that it was not required to step on the transects. That way, the GPR assembly was moved at an average speed of approximately 0.4 m s . For reference, we periodically positioned markers (bamboo sticks) along the transects. These reference points were marked in the radargrams to allow exact synchronization between repeated measurements along the 15 same transect. Manual measurements of snow depth, snow water equivalent, and liquid water content were taken along each transect at the reference points and used for calibration and validation purposes. Subsequent overpasses followed the tracks of the sled drawn during the first acquisition and allowed achieving accurate spatial match between multiple overpasses of the same transect. To avoid the sled from breaking through the snowpack and destroying the tracks, the fieldwork was carried out when a crust had formed after cold, clear nights. Measurements at each transect could be repeated three to five times depending 20 on the remaining snow height, as well as meteorological and logistical conditions.
Construction and setup of the mobile GPR system
Typically, snowpack properties such as snow depth, snow water equivalent and snow density show strong lateral variations. To measure those simultaneously, the use of a multi-offset approach is indicated. To allow for efficient sampling we opted for a fixed assembly mounted to a plastic sled. At the same time, the assembly needed to be light and small enough to permit safe 25 and convenient operations in snow-covered rugged alpine terrain. Weight could be saved considerably by adopting an antenna setup suggested by Gustafsson et al. (2012) and referred to as a shifted CMP design. This design is illustrated in Fig. 2 and consists of four instead of eight antennas to form four parings, which is achieved by combining each of the transmitting with each of the receiver antennas. The downside of this approach is that each pairing has a different midpoint which needs to be synchronized in the post processing. While this is neither difficult nor computationally intensive, it does require sampling at 30 fixed spatial intervals (as opposed to fixed temporal intervals), which necessitates an accurate spatial referencing system.
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We used a MALA GPR ProEx (MALA Geoscience, Malå Sweden) system with four of their separable shielded antennas, featuring a nominal frequency of 1300 MHz. The CMP array was mounted on a light-weight plastic sled (HDPE pulk, Snowsled, UK) with a large baseboard to form a level bottom surface, which provided the fixed antenna positions during the measurements (Fig. 2 ). This way, the antennas were placed approximately 2 cm above the snow surface. To keep the system free from snow, all GPR components including the main unit, antennas, batteries, and cables were enveloped in a waterproofed bag 5 provided with the pulk. Separation distances between the antenna pairs were 0.09 m, 0.32 m, 0.66 m, and 1.07 m. Traces were sampled at a frequency of 42 GHz, whereby individual traces were recorded every 5 cm along the transects. We used a MALA odometer to achieve the required high relative positioning accuracy. Note that this setup was optimized to allow for accurate measurements in rather shallow snowpack. Deeper snowpack may require lower antenna frequencies, larger antenna offsets, and more antenna pairings.
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To test the capability of the GPR system in mountainous terrain (Fig. 3) , measurements along ten transects were carried out.
Overpasses of exactly the same transects with the GPR were repeated several times during snowmelt periods without precipitation in between the measurements. The dates of the measurements are listed in Table 1 .
Manual measurements
Snow water equivalent was measured with a standard Federal sampler and thus only imposed minimal disturbance of the 15 snowpack. In some cases however, when ice layers were present in the snowpack, taking the measurements became more challenging and several attempts were necessary to extract an intact snow core. For each snow water equivalent sample, three snow depth measurements were taken at the same location as well as one and two meters away along the transect.
Measurements of the liquid water content were taken using a Denoth meter (Denoth, 1994) and a small snow sampler for concurrent snow density measurements. This required a snow pit which was dug sideways towards the center of the transect to 20 minimize disturbances. We limited these liquid water content measurements to one vertical profile per transect and acquisition date. Complementary measurements some meters away from the transect, however, showed liquid water content to be fairly constant along individual transects. We consequently assumed liquid water content to be constant along individual transects.
Data Post Processing
To improve the signal-to-noise ratio and the visibility of reflecting layers, especially of the soil surface, several processing steps 25 were applied to the GPR radargram before picking the relevant layer interfaces. First, a DC-shift was applied. This is a filter that removes an existing constant offset on each trace. Second, a gain filter was applied to amplify the signal as it attenuates within increasing travel time. A Kirchhoff migration was further applied to all radargrams of the S3 transect in Sertig valley as this site featured some roughness elements on the ground along the transect. All above steps were performed using the Software ReflexW, Sandmeier Scientific Software. This software was further used to pick reflections of the layer interfaces 30 using the phase follower utility built into ReflexW; this to determine the travel time of the direct wave, which is the first radar signal reaching the receiver, and of the bottom wave, which reaches the receiver after being reflected at the bottom interface underneath the snowpack. Then, odometer data were used to shift the picks of the individual antenna pairings to refer to a Procedures how to analyze CMP data are described in detail e.g. in Gustafsson et al. (2012) . However, some processing details specific to our set up are detailed below. Since the antennas were very close above the snow surface at all times, the direct wave and the surface wave are in this work assumed to be identical. This implies that the direct wave velocity cannot be assumed to be 0.3 m ns −1 as usual, but instead depends on material properties of the base of the sled (baseboard, air, bag, plastic shell), 5 as well as of the top snow surface. While the former are constant, the latter are not. The direct wave velocity is needed to determine the two-way travel time from the picks. Even if the two-way travel time is insensitive to potential errors in the direct wave velocity due to variable effects from the snow surface, we have adopted the habit to determine the direct wave velocity for every GPR transect individually by optimizing the fit to complementary snow depth and snow water equivalent data collected along each transect. The liquid water content could either be set to the manual measurements available for each individual 10 transect and acquisition date, or included as a calibration parameter in the above optimization. In this work, we decided on the latter approach. Dielectric properties were estimated based on Tiuri et al. (1984) .
Results
At all transects, snow water equivalent decreased between any series of consecutive overpasses. Subsequent measurements of snow water equivalent profiles show mostly similar spatial patterns, which means that local minima in snow depth and snow 15 water equivalent often remained in place during the entire melting period. Fig. 4 (left panel) presents GPR-based snow depth estimates along transect S3 in the Sertig valley at all sampling dates. The GPR data is in very good agreement with the manual snow measurements (corresponding dots). The root-mean-square error (RMSE) evaluated over all reference points is 2.2 cm for snow depth and 22 mm for snow water equivalent. These values are on the order of the accuracy at which these properties can be determined with manual measurements. Calculating depletion rates 20 by subtracting subsequent acquisitions could also be tested against observations, as the manual measurements were conducted at fix positions. For these differential measurements of snow depth and of snow water equivalent the RMSE is 2.1 cm and 27 mm, respectively.
Additionally processing the S3 radargrams using Kirchhoff migration did reveal some additional fine-structured details in the resulting profiles (Fig. 4, right panel) . Note, however, that these details were only partly maintained over consecutive acquisi-25 tions, which questions whether the migration actually corrected for uneven subsurface features below the snow, just introduced additional noise, or both.
Regardless, corresponding RMSE were mostly unchanged with values of 2.3 cm for snow depth, 19 mm for snow water equivalent, 2.6 cm for differential snow depth, and 30 mm for differential snow water equivalent. These findings led us to abandon migration as part of the standard post-processing steps.
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Further examples of consecutive GPR acquisitions are presented in Fig. 5 , however these are for the resulting snow water equivalent profiles along transects S2 and M1. Similar to the snow depth profiles in Fig. 4 , but more prominently seen in the snow water equivalent profiles presented in Fig. 5 , there are some deviating features from the common signature along the 5 The Cryosphere Discuss., doi:10.5194/tc-2016 Discuss., doi:10.5194/tc- -295, 2017 Manuscript under review for journal The Cryosphere Published: 31 January 2017 c Author(s) 2017. CC-BY 3.0 License.
profile, e.g. in S2 (Fig. 5, left panel) for the acquisition on 16 April 2015 around the 15-m mark. These deviations might simply stem from wrong interpretations within individual radargrams, but they might also result from a short deviation from the exact trajectory of the transect.
Validation data for all transects are presented in Table 2 and visualized in Fig. 6 . The RMSE for snow depth using all transects in both valleys is 4.5 cm and 25 mm for snow water equivalent, 4.6 cm for differential snow depth (Fig. 6, top left) , and 5 36 mm for differential snow water equivalent (Fig. 6, top right) . These values were considerably augmented due to transect S1. This particular transect covered some very steep sections in which it was difficult to control the sled in order to follow the given trajectory. Misalignment between consecutive GPR acquisitions must have caused a considerably worse validation performance compared to all other transects. Removing S1 from the summary statistics results in vastly improved performance ( Fig. 6 bottom panels) . Overall, we note that differential snow depth and differential snow water equivalent could be measured Monbiel 1342  87  TM1, TM3, TM4   M2  Monbiel 1337  48  TM1, TM3, TM4   M3  Monbiel 1359  206  TM1, TM3, TM4   M4  Monbiel 1363  133  TM1, TM3, TM4   M5  Monbiel 1374  103  TM1, TM3, TM4   M6  Monbiel 1361  165  TM2, TM3, TM4   M7  Monbiel 1354  174  TM2, TM3, TM4   S1  Sertig  1893  137  TS1, TS2, TS3, TS4, TS5   S2  Sertig  1903  63  TS1, TS2, TS3, TS4, TS5   S3  Sertig  1857  118  TS1, TS2, TS3, TS4, TS5 18
